INTRODUCTION
C ompared with many industrialized countries, the UK has a relatively low rate of testing for occult prostatic cancer using the prostate-specific antigen (PSA) test: however, recent analyses of trends in England, Wales and Northern Ireland suggest the rate is increasing. 1-3 During 2002 1-3 During -2003 , National Health Service (NHS) guidance on PSA testing was issued recommending a process of informed consent rather than active discouragement of PSA testing. 4 The decision to order a PSA test remains a challenging one for clinicians because of the difficulty of interpreting the result. Clinicians order PSA tests for a variety of reasons, including as a method of investigating symptoms which may have a benign or malignant cause and in response to patient demand. 5 Prostate enlargement from a variety of conditions may result in raised PSA levels. 6 The Prostate Cancer Prevention Trial investigated the prevalence of prostate cancer among men who had a PSA level of less than 4 ng/ mL, and found that some men with levels as low as 0.5 ng/ mL throughout the study period still developed prostate cancer. 7, 8 In a later study, they found that no PSA cut-off had both high sensitivity and high specificity at the same time. 9 However, a five-year follow-up study in Finland showed a higher specificity (94%) for PSA testing than for tests used to screen for breast and cervical cancer. 10, 11 The values reported vary over time -for example, many men with abnormal levels of PSA have normal levels in subsequent retests. 12 The ability to link anonymized Scottish cancer registry data to laboratory data provided an opportunity to study these issues in the Tayside population. Few other countries have information which combines high quality data, consistency, national coverage and the ability to link data to allow patient-based analysis and follow-up. 13, 14 The aim of this study was to investigate the sensitivity and specificity of the PSA test using various cut-off points, and to follow-up initially healthy men who had one or more diagnostic PSA tests to determine the risk of prostate cancer diagnosis associated with different patterns of testing.
METHODS
The study population was initially derived from a laboratory database which contained all PSA test results from men in Tayside during the 10-year period from 1992 to 2001. A total of 20,623 men aged 30 and over were found to have had at least one PSA test.
Data were extracted from the Health Informatics Centre (HIC) which is described in detail elsewhere. 13 The databases relevant to this study, listed below, were used within procedures approved under the data protection act and by the Caldicott Guardian.
(1) Death registry: Details of all deaths in Tayside including date of death and cause of death. These were obtained from the General Register Office (GRO) for Scotland, which holds all registered deaths.
(2) Carstairs categories for deprivation: The Carstairs score 15 is a socioeconomic measure based on data derived from the decennial census and linked to all residents in Tayside via the postcode. The score was divided into six categories in order of deprivation, where one is most affluent and six is the most deprived. The SMR06 cancer registry data were used to ascertain which men had known prostate cancer before the initial PSA test in the study period in order to exclude tests for monitoring purposes. The pathology dataset held the dates of all biopsies and if these were taken before the initial study PSA test these subjects were also excluded. All men who had a PSA test in the first six months prior to study start (1 January-30 June 1992) were also excluded from the study, to include only incident tests. In this way we could exclude those men who had a high PSA test, but were being monitored before further diagnostic tests were done. These exclusions left a nine and a half-year study period from July 1992 to December 2001 containing men who were assumed to have no clinically apparent prostate disease at least until their first PSA test in the study.
Statistical methods
Frequencies and the average annual rates of men PSA tested per 1000 man years (TMY) were tabulated by age group and deprivation category. Yearly rates of testing and yearly diagnosis frequencies were also calculated. Numbers of biopsies and prostate cancers diagnosed within one year of the first PSA test were tabulated by age group, deprivation category and PSA score. The sensitivity and specificity of the PSA test to diagnose cancer were calculated for various cutoff values and by age group. The sensitivity is defined as the proportion of later diagnosed men with a PSA value greater than the cut-off and the specificity as the proportion of undiagnosed men with a PSA less than or equal to the cutoff value. Since prostate cancer verification by biopsy can be subject to selection bias, the predicted probability of biopsy was found by fitting a logistic regression model with age and PSA result as predictors. 16 This probability of biopsy was then used to weight the final logistic regression model predicting the outcome of diagnosis of prostate cancer for all men and by age group. Each model had separate binary PSA cut-offs as predictors of diagnosis. Patients were categorized as diagnosed if they were diagnosed within one year of their initial PSA test.
Survival analysis, by six predefined PSA test patterns, was conducted to investigate whether different patterns of normal/abnormal results using a 4 ng/mL cut-off affects the time to diagnosis in men who had PSA tests during the period 1992-2001. The mutually exclusive PSA test patterns and their definitions are as follows:
(1) All normal tests: Acts as a reference category with which to compare the other five patterns. (2) Initially normal test with at least one abnormal retest: To follow up those who were initially normal, but subsequently demonstrated an abnormal result. This category could include false positives. (3) Initially abnormal test that always retests normal: Represents false positive PSA results. (4) Initially abnormal test with no retest: Those who should have been followed up, or who were too ill or old to be investigated further. (5) Initially abnormal test that retests as normal and abnormal:
A sporadic pattern which will have many interpretations. (6) Initially abnormal test that always retests abnormal:
Probably represents patients with known disease who were being monitored.
The starting point was taken as the date of the initial PSA test and the endpoint was 31 December 2001, prostate cancer diagnosis, emigration or death, whichever was earlier. All patients whose endpoint was not diagnosis were censored. This analysis was performed using the Cox Proportional Hazards model adjusting for age and social deprivation. The proportional hazards assumption was checked using plots of the log of the negative log of the survival function. Kaplan-Meier graphs were plotted to display the survival functions by test pattern. Some basic analyses were performed using Excel, but the majority of statistical analyses and programming was conducted using the SAS (v8) software package (SAS Institute, Cary, NC, USA).
RESULTS
In total, 19,660 men over 30 years of age who were PSA tested for the first time between July 1992 and December 2001 were included in the analysis (Figure 1 ). Between them, they had 39,599 PSA tests during this study period.
As would be expected, PSA testing increases with age almost linearly ( Table 1 ). The average annual rate of healthy men PSA tested per TMY decreases from the second most affluent category to the most deprived. Almost two-thirds of men had all normal results (i.e. 13,103). From Table 2 Sensitivity and specificity at different cut-off points Table 3 displays the number of men biopsied, the number of cancers verified, and the number of cancers verified strictly from biopsy. These are broken down by age group, deprivation category and a selection of PSA ranges. Quite a high number of men (237) were biopsied who had PSA values less than 4 ng/mL, of whom 14.8% did have prostate cancer. Firstly, the predicted probability of biopsy was found for each man from a logistic regression model adjusting for age, PSA score and their interaction (age by PSA score). Secondly, Table 4 contains the sensitivity and specificity scores for diagnosis resulting from further logistic regression models, each adjusted for different binary PSA cut-offs, fitted for each age group. The model was weighted by the predicted probability of biopsy. The regularly used cut-off of o4 ng/mL has a reasonable sensitivity over all age groups, but only a high specificity for the under 60s, and a lower specificity for the other two age groups (as low as 57.2% for the oldest age group). Neither of the two older age groups had a cut-off with sensitivity and specificity over 90%. For the 60-69 year olds the first PSA score to have both sensitivity and specificity over 80% is 6 ng/mL, which is clearly inadequate. For the oldest age group the lowest PSA score to fulfil these criteria is 10 ng/mL. Figure 2 displays the Kaplan-Meier plot of the survival functions from initial PSA test to prostate cancer diagnosis by test pattern for the PSA cut-off value of 4 ng/mL. The plots of the log of the negative log of the survival function were approximately parallel indicating that the hazards were approximately proportional.
Survival analysis
When the all-cause mortality survival model was adjusted for the effect of prostatectomy (yes/no) the hazard ratio of 2.03 (95% CI 1.20-3.43) was significant (P ¼ 0.009), but the test pattern hazard ratios remained the same. Therefore prostatectomy was not included in the final model.
DISCUSSION
Our study over a 10-year period demonstrated that PSA testing is increasing and men are being retested more often in Tayside, Scotland. Although the PSA score appears to have quite a reasonable sensitivity and specificity for those under 60, the same cannot be said for the other two age groups. No single PSA cut-off stands out as the optimum one to use. In addition, the Cox regression analysis showed that the hazard of prostate cancer diagnosis for patients with an initially abnormal PSA test with all normal retests was not significantly different from those with all normal tests.
These results are derived from unselected real-world observations in a geographically defined population whose Initial PSA tested men (n =20,623) denominator is well defined. Their strength is the population size, the long period of follow-up and our ability to link all relevant records. 14 The limitations of retrospective data are that we have no information on the indications for the tests, medications and radiotherapy. However, we did have cancer registry data, which allowed us to exclude men with known prostate cancer before their first PSA test in the study. We also adjusted our sensitivity analysis for probability of biopsy, which reduces the effect of selection bias. The only treatment information available was prostatectomy data which, as expected, increased the hazard of diagnosis in our regression analysis but did not change the test pattern hazards.
The average annual rate of PSA testing was 16.3 per TMY which is similar to the 2.0% found in England and Wales. 2 We found an association between lower testing rates and increasing social deprivation as also found elsewhere. 2 It was not clear from the sensitivity analysis which cut-off should be used as a judgement for prostate biopsy. For example, for the age group 60-69 the PSA cut-offs from 6 to 10 ng/mL are all similar with inadequate sensitivity and specificity. This pattern was similar for the oldest age group. The regularly used PSA cut-off of o4 ng/mL seems to be reasonable only for the under 60 year olds. Although our sensitivity analysis did not find an optimum cut-off value to use, our sensitivity values tended to be higher with lower specificity values than found in other studies. In New Jersey, USA, a meta-analysis of PSA and DRE screening to detect prostate carcinoma found a pooled sensitivity and specificity for PSA of 72.1% and 93.2%. 17 A recent randomized prospective study by the Prostate Cancer Prevention Trial followed up men for a seven-year period after their initial PSA test and could not find a cut-off with high sensitivity and high specificity for various grades of disease and age groups (o70 and X70 years). For example, their sensitivity and specificity for 4.1 ng/mL were 20.5% and 93.8%, respectively. However, their study was confined to men with initial PSA values r3 ng/mL. 9 Our analysis showed that the PSA cut-offs with the highest sensitivity values tended to increase with age, but at the expense of poorer specificities. Age specific PSA ranges are based on the fact that PSA concentrations tend to rise with age. 18 The NHS Prostate Cancer Risk Management Programme and others support the use of age specific PSA ranges in place of the more widely used normal range of o4 ng/mL. 19, 20 The fact we did not find one 'stand alone' PSA cut-off, even by age group, which could be used to recommend biopsy suggests that there is no definite normal value of the test. The regression analysis by test pattern, which gave a nonsignificant hazard ratio for an initially abnormal test with normal retests suggested that an initial abnormal PSA result cannot be assumed to be an accurate screening marker for further, more invasive, investigations. This again, questions the value of a unique cut-off value for the test.
Perhaps multiple PSA testing together with a digital rectal examination or other tests will be necessary if an accurate decision is to be made on diagnosis or further investigation. 17, 21 The New Jersey study concluded that when a patient has abnormal findings using PSA and DRE, the chance of cancer is 20-25%, and when a patient has Table 5 ) as well as other studies. 8, 9 Of course increasing the number of tests will increase the likelihood of false positive results and the likelihood of a battery of tests being performed may also lead to spurious results. 22 An alternative prostate cancer screening strategy needs to be developed which will lessen unnecessary biopsies and increase necessary ones. This could mean adopting or developing a new screening test, which is cost-effective to health services. These results are based on logistic regression models with various binary PSA cut-offs as predictors and diagnosis (yes/no) as the outcome, weighted by the predicted probability of a biopsy (based on a logistic regression model adjusted for age, PSA score and age*PSA score) 
